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most notable positive effect over the Arctic is a reduction of 
the T2m bias over the North Pacific Ocean and the North 
Atlantic Ocean in all seasons. Future projections using this 
method are compared with the results obtained with the tra-
ditional 2-step dynamical downscaling (CGCM-RCM) to 
assess the impact of correcting systematic biases of SST 
upon future-climate projections. The future projections are 
mostly similar for the two methods, except for precipitation.
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1 Introduction
Arctic regions have experienced amplified warming at twice 
the rate of the global average (ACIA 2004; IPCC 2013). 
Yet, as stated by Overland et al. (2014): “Arctic air tem-
perature is both an indicator and a driver of regional and 
global changes”. Thus, the climate of the Arctic deserves 
getting attention due to its dual nature, with its response 
to global climate change and its important role in affecting 
global climate.
The Arctic sea ice has been in a sharp decline during the 
past decades. An average of 53,900 sq. km of Arctic sea ice 
loss per year is observed using satellites records (Ramsayer 
2014). According to IPCC, the annual mean Arctic sea ice 
extent decreased over the period 1979–2012 with a rate of 
3.5–4.1% per decade, and the decrease is more than three 
times larger (9.4–13.6%) for the summer sea ice minimum 
(IPCC 2013). The national snow and ice data center located 
in Colorado announced that Arctic sea ice extent in Septem-
ber 2016 is recorded as the second lowest yearly minimum 
since satellites record beginning in 1978, with 4.14 million 
Abstract As part of the CORDEX project, the fifth-gener-
ation Canadian Regional Climate Model (CRCM5) is used 
over the Arctic for climate simulations driven by reanalyses 
and by the MPI-ESM-MR coupled global climate model 
(CGCM) under the RCP8.5 scenario. The CRCM5 shows 
adequate skills capturing general features of mean sea level 
pressure (MSLP) for all seasons. Evaluating 2-m tempera-
ture (T2m) and precipitation is more problematic, because 
of inconsistencies between observational reference datasets 
over the Arctic that suffer of a sparse distribution of weather 
stations. In our study, we additionally investigated the effect 
of large-scale spectral nudging (SN) on the hindcast simu-
lation driven by reanalyses. The analysis shows that SN is 
effective in reducing the spring MSLP bias, but otherwise 
it has little impact. We have also conducted another experi-
ment in which the CGCM-simulated sea-surface temperature 
(SST) is empirically corrected and used as lower boundary 
conditions over the ocean for an atmosphere-only global 
simulation (AGCM), which in turn provides the atmospheric 
lateral boundary conditions to drive the CRCM5 simula-
tion. This approach, so-called 3-step approach of dynami-
cal downscaling (CGCM-AGCM-RCM), which had con-
siderably improved the CRCM5 historical simulations over 
Africa, exhibits reduced impact over the Arctic domain. The 
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sq. km. The lowest Arctic sea ice extent was in September 
2012 with 0.73 million sq. km lower than in 2016 (http://
nsidc.org/arcticseaicenews/).
Because of the vulnerability of the Arctic to climate 
changes and because of the pronounced and rapid changes 
that it is projected to undergo in the next decades, there has 
been a growing interest in performing future projections over 
this region. Overall, an increase in precipitation, large reduc-
tions in sea ice and glacier volume, sea level rise and the 
thawing of permafrost are expected consequences in the Arc-
tic of the projected global warming (IPCC 2013). Accord-
ing to the Coupled Model Intercomparison Project phase 5 
(CMIP5), Arctic sea-ice extent is projected to decrease by 
94% in September of 2081–2100 compared to 1986–2005, 
resulting in a nearly ice-free Arctic Ocean, which will cause 
increase in wave heights and the duration of wave season 
(IPCC 2013).
From the side of regional climate modelling, a compre-
hensive study of RCM hindcast simulations was done as a 
part of the Arctic Regional Climate Model Intercomparison 
Project (ARCMIP; Curry and Lynch 2002). It was found that 
the different treatment of orography and land-sea mask for 
each model caused a large scatter for 2-m temperature and 
consequently in downwelling radiation between models. The 
cloud cover also showed a large scatter between models due 
to the diversity of cloud modelling assumptions. Addition-
ally, large internal variability for each RCM across the Arctic 
region (Rinke et al. 2004) leads to even more scatter between 
results (Rinke et al. 2006). Due to internal variability, each 
individual RCM simulation represents only one realization 
of the spectrum of plausible solutions. Rinke and Dethloff 
(2000) showed that the internal variability is more important 
in pan-Arctic simulations, especially during winter, because 
of the strong polar vortex that traps atmospheric waves in 
the domain for long periods of time, reducing the inflow of 
new LBC information.
The Arctic region is particularly challenging to regional 
climate modellers. The lack of reliable observational data-
sets in the Arctic often makes it difficult to determine 
whether the differences between hindcast simulations and 
observations are really due to model biases or from inad-
equate observational spatiotemporal coverage.
One of the issues for nested models over polar regions 
is the reduced control exerted by the lateral boundary con-
ditions (LBC) upon the regional simulation (Rinke and 
Dethloff 2000), leading to large internal variability, as 
mentioned before. Large-scale spectral nudging technique 
(SN) enhances the control exerted by LBC (von Storch 
et al. 2000; Biner et al. 2000). The SN technique consists 
in constraining the RCM atmospheric large scales toward 
those of the driving data. This technique has shown to 
be effective in reducing substantially systematic biases 
that are present in some RCM simulations (e.g. Berg 
et al. 2013; Glisan et al. 2013). Also, RCM subgrid-scale 
physical parameterizations have often been developed and 
optimised for mid-latitude climate, so non-native polar 
simulations may be expected to exhibit larger biases (e.g. 
Lucas-Picher et al. 2013).
On the other hand, it is well documented that nested 
RCMs inherit biases present in the driving data supplied as 
lateral BC in the atmosphere and lower BC over the oceans; 
these biases can be rather important when RCM are driven 
by CGCM-simulated data. All CGCMs exhibit systematic 
bias in sea surface temperature (SST) and sea-ice concentra-
tions (SIC) (e.g. IPCC 2013). The resolutions of the ocean 
module in CGCMs are often too coarse to capture important 
regional oceanic processes such as the offshore transport 
of cool waters by mesoscale eddies or the sharp vertical 
temperature gradient (e.g. Richter 2015). Given the sensitiv-
ity of RCMs simulations to the biases of the driving data, 
several attempts have been made to develop bias-correction 
methods, such as the studies of Christensen and Christensen 
(2007), Katzfey et al. (2009, 2011), Bruyère et al. (2014), Yu 
and Wang (2014), and Hernández-Díaz et al. (2016; herein-
after HD16), to cite but a few.
Nevertheless, CGCMs simulations are the only avail-
able data for driving RCM simulations of future climate. 
Dynamical downscaling of the CGCM projections over the 
Arctic by RCMs shows warming up to 6.5 K in the mean 
tropospheric temperature over Barents, Kara Seas and the 
Beaufort Sea during winter (Rinke and Dethloff 2008), the 
regions corresponding to the areas with the maximum pro-
jected sea ice loss. Warming up to 15 K over the Arctic 
Ocean in autumn and winter is projected by the end of the 
century (Koenigk et al. 2015). Furthermore, studies agree 
in projection of a reduction of the sea-level pressure by the 
end of 2100 (Chapman and Walsh 2007; Rinke and Deth-
loff 2008; IPCC 2013; Koenigk et al. 2015). Several models 
project an increasing in 2-m temperature (Keup-Thiel et al. 
2006; Stendel et al. 2008; Førland et al. 2009; Rinke et al. 
2012; Steiner et al. 2013) as well as an increment of precipi-
tation (Stendel et al. 2008; Steiner et al. 2013; Zhang et al. 
2016) by the end of the century.
The Arctic is also one of the recommended domains for 
the COordinated Regional climate Downscaling EXperi-
ment (CORDEX), an international coordinated sets of 
experiments for hindcast, historical simulations and climate 
projections under RCP4.5 and RCP8.5. This framework is 
developed to evaluate, and possibly improve, RCMs and 
downscaling methods as well as to provide regional climate-
change projections for impact and adaptation studies.
The Canadian Regional Climate Model, version 5 
(CRCM5) has contributed to the CORDEX program over 
three CORDEX domains so far: North America (Martynov 
et al. 2013; Šeparović et al. 2013), Africa (Hernández-Díaz 
et al. 2013; Laprise et al. 2013) and South Asia (Alexandru 
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and Sushama 2014). Paquin and Sushama (2014) have car-
ried some experiments with CRCM5 over the Arctic.
The aim of this study is to evaluate the performance of 
the CRCM5 over the Arctic domain following the COR-
DEX protocol. Thereby, we investigate (1) the sensitivity of 
a hindcast simulation driven by the reanalyses to the appli-
cation of SN and (2) the sensitivity of a historical simula-
tion driven by the output of a GCM to the empirical correc-
tion of systematic SST biases. Climate projections under 
the RCP8.5 scenario are also performed, first following the 
standard CORDEX protocol in which the RCM is driven 
by the output of a CGCM, and second following the 3-step 
dynamical downscaling (DD) approach with the empirical 
correction of SST (CGCM-AGCM-RCM).
The paper is organised as follows. The methodology and 
model description together with the configuration of simu-
lations are presented in Sect. 2. The skill of CRCM5 and 
the effect of spectral nudging in hindcast simulations are 
discussed in Sect. 3. Results of historical simulations with 
and without empirical correction of SST are analyzed in 
Sect. 4. Section 5 presents climate-change projections, with 
and without empirical correction of SST. Finally, Sect. 6 
summarizes the findings and the main conclusions.
2  Methodology
Regional climate models (RCM) require boundary condi-
tions (BC) both at their lateral atmospheric boundaries (for 
fields such as winds, temperature, water vapour and surface 
pressure) and at their lower boundary over the oceans (for 
fields such as sea-surface temperature and sea-ice concentra-
tion). Whereas for hindcast simulations, reanalyses provide 
quasi-perfect BC, for historical simulations and future sce-
nario projections, the BC are provided by coupled global 
climate models (CGCM) simulated fields that represent 
imperfect BC.
2.1  The spectral nudging for hindcast simulations
We first evaluate the impact of using SN on the CRCM5 
hindcast simulations. Here, the SN is applied to the horizon-
tal wind components only (UV). The SN strength increases 
linearly from zero at 850 hPa to a maximum strength of 
1.39% increment applied at every time step at the top of the 
model, which corresponds to an e-folding time of 24 h. Only 
scales larger than 1000 km are driven when SN is applied.
2.2  The empirical correction of SSTs for GCM-driven 
simulations and projections
As mentioned before, the modelling of global ocean pro-
cesses continues to be one of the great challenges for 
CGCMs. The largest biases of CGCM-simulated sea-surface 
temperature (SST) are found to occur near the continental 
coasts. Such SST biases combined with corresponding 
atmospheric circulation biases can have detrimental effects 
on RCM simulations driven by CGCM. In practice, RCM 
historical simulations driven by CGCM are found to be sub-
stantially less skilful than RCM hindcast simulations driven 
by reanalyses.
In the RCM community, various efforts have been 
deployed to correct CGCM-simulated BC used for driving 
RCMs (e.g., Christensen and Christensen 2007; van der Lin-
den and Mitchell 2009; Déqué et al. 2014). An empirical bias 
correction of sea-surface conditions (SSC) has been tested 
for CRCM5 simulations over the African CORDEX domain 
(HD16); it was shown that for the West African monsoon, 
the skill of the historical simulations, driven by an AGCM 
with the empirical correction of the CGCM-simulated sea-
surface conditions, was substantially improved, approaching 
in fact that of hindcast simulations driven by reanalyses.
For this work we will use a variant of the empirical cor-
rection method of HD16; here however only the SST, not 
the sea-ice concentration is corrected. The basic assumption 
of this empirical correction approach is that of persisting 
biases. Assuming that biases in the historical simulation will 
persist in the future scenario projections, the SSC simulated 
by a CGCM are empirically corrected by subtracting the 
biases identified in simulating the historical period. The cor-
rection technique employed by HD16 involves data from 
three models, which is why it is called “3-step dynamical 
downscaling”. In the first step, CGCM-simulated SSC are 
corrected and then used as lower BC over the ocean for an 
intermediate-resolution Atmospheric General Circulation 
Model (AGCM) simulation, which constitutes the second 
step. In the third step, the output of the AGCM simulation 
is used to provide the atmospheric BC and lower BC over 
the ocean to drive an atmospheric-only RCM. The “3-step 
DD” (CGCM-AGCM-RCM) contrasts with the usual “2-step 
DD” (CGCM-RCM) in which the RCM is directly driven by 
the output of the CGCM. In this study, we follow closely the 
empirical correction employed by HD16, but we restrict the 
correction to the SST field only due to the challenge of cor-
recting both SST and SIC while keeping the physical con-
sistency between these variables. We will assess the impact 
of the bias-corrected SST over the Arctic, for both historical 
simulations and future climate projections.
The empirical correction method is briefly summarized 
here. The notation is as follows: SSTG(x, y; h, d,m, y) cor-
responds to an archive of historical CGCM-simulated SST, 
and SSTA(x, y; h, d,m, y) to the corresponding analysed field. 
Here (x, y) refers to each grid point of the domain, and h to 
6-hourly values for each day d in a month m of a year y. 
The climatological historical bias B(x, y; h, d,m) is defined 
as follows 
 M. Takhsha et al.
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where the ()
yH denotes a mean over some historical time 
period yH (e.g. 1979–2008). Assuming that historical 
biases remain unchanged in the future, a bias-corrected field 
SST �(x, y; h, d,m, y) could be defined for all time as 
so that, by construction, it would have no climatological 
bias over the historical period. Note that the correction is 
only applied to time-mean biases: no correction is applied 
to time variability.
As mentioned before, the empirical correction is here 
applied to the SST field only, not to sea-ice concentration 
(SIC) as in HD16; such SIC correction was found to generate 
unrealistic fields near the sea-ice margin for the future under 
global warming. Hence for the current work, the CGCM-
simulated SIC is used without adjustment. Unlike the SST 
biases that cover large portions of the globe, the areas where 
SIC biases occur cover a rather narrow belt between fully ice-
covered and ice-free regions. Hence, we feel that the impact 
of SIC biases is expected to be rather geographically limited 
compared to that of SST biases.
It is important to maintain physical consistency between 
the corrected SST field and the SIC field. Whenever sea ice 
is present at some grid point at some time, the adjusted SST 
value SSTadj(x, y; h, d,m, y) is set to the freezing temperature 
of sea water Tfreeze. In practice the following weighting formula 
is used to define the adjusted SST values 
where 
B(x, y; h, d,m) = SSTG(x, y; h, d,m, y)
yH
− SSTA(x, y; h, d,m, y)
yH
SST �(x, y; h, d,m, y) = SSTG(x, y; h, d,m, y) − B(x, y; h, d,m)
SSTadj(x, y; h, d,m, y) = f (x, y; h, d,m, y) × SST
�(x, y; h, d,m, y)
+ (1 − f (x, y; h, d,m, y)) × Tfreeze
f (x, y; h, d,m, y) =
{(
1 + cos
(
𝜋SIC(x, y; h, d,m, y)∕SICMin
))
∕2, if 0 < SIC(x, y; h, d,m, y) < SICMin
0, if SIC(x, y; h, d,m, y) ⩾ SICMin
with SICMin = 0.5, as to reduce abrupt spatial variations of 
SST.
The resulting adjusted SST fields are inconsistent with 
the CGCM atmospheric fields; consistent atmospheric 
fields are generated by running an  atmosphere-only 
GCM (AGCM) which uses the corrected SST fields as 
its lower BC over the ocean. The atmospheric fields from 
this AGCM simulation is then used as lateral atmospheric 
BC, together with the corrected SST as surface ocean BC, 
for driving an RCM simulation over the region of inter-
est: in the present case, the CORDEX Arctic domain. Fig-
ure 1 shows a flowchart describing the 3-step dynamical 
downscaling technique with empirical correction of SST. 
It should be noted that in contrast to SIC and the corrected 
SST that are specified in AGCM and RCM, sea-ice thick-
ness and sea-ice temperature are calculated interactively.
2.3  Model description
The dynamical kernel of the fifth-generation of the Cana-
dian Regional Climate Model (CRCM5) is a limited-
area version of the Global Environmental Multiscale 
model (GEM, Côté et al. 1998; Yeh et al. 2002) used for 
Numerical Weather Prediction at Environment and Cli-
mate Change Canada. GEM is a grid-point model based 
on a two-time-level (almost) fully implicit semi-Lagran-
gian marching scheme. The model includes a terrain-
following vertical coordinate based on the hydrostatic 
pressure (Laprise 1992) and the horizontal discretization 
Arakawa C-grid (Arakawa and Lamb 1977) on a rotated 
latitude–longitude projection. The nesting technique 
employed in CRCM5 is derived from Davies (1976); it 
Fig. 1  Flowchart of the 
3-step dynamical downscaling 
approach. The star sign over 
SIC in the chart is a reminder 
that, while sea-ice concentration 
is prescribed, sea-ice thickness 
and sea-ice temperature are 
calculated. Taken from HD16
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includes a 10-point sponge zone for a gradual relaxation 
of all prognostic atmospheric variables toward the driv-
ing data along the lateral boundaries. For CRCM5, an 
additional 10-point wide halo zone is also added for the 
semi-Lagrangian interpolation. A detailed description of 
CRCM5 is given in Hernández-Díaz et al. (2013).
The CRCM5 employs several subgrid-scale parameterisa-
tion components of the 33-km meso-global version of GEM 
(Bélair et al. 2005, 2009). These include the Kain–Fritsch 
deep convection (Kain and Fritsch 1990), Kuo-transient 
shallow convection (Kuo 1965; Bélair et al. 2005), Sundqvist 
resolved-scale condensation (Sundqvist et al. 1989), corre-
lated-K solar and terrestrial radiations (Li and Barker 2005), 
subgrid-scale orographic gravity-wave drag (McFarlane 
1987), low-level orographic blocking (Zadra et al. 2003), 
and planetary boundary layer parameterization (Benoit et al. 
1989; Delage and Girard 1992; Delage 1997) modified by 
Zadra et al. (2012) to introduce hysteresis effects.
The land-surface scheme used in CRCM5 is the Canadian 
LAnd Surface Scheme (CLASS; Verseghy 2000, 2008) in 
its most recent version, CLASS 3.5. For these simulations, 
26 soil layers are used, reaching to a depth of 60 m. The 
standard CLASS distributions of sand and clay fields as 
well as the bare soil albedo values were replaced by data 
from the ECOCLIMAP database (Masson et al. 2003) as in 
Hernández-Díaz et al. (2013). Another change was made in 
the present simulations compared to earlier ones: wherever 
50% or more of the land fraction is vegetation, organic mat-
ter is put in the first 10-cm deep soil layer. Finally, the inter-
active thermodynamical 1-D lake module (FLake model) 
was also used (see Martynov et al. 2010, 2012).
Following the CORDEX recommendations, the CRCM5 
simulations are performed on a rotated latitude-longitude 
grid with mesh of 0.44°. The integration domain consists 
of 164 × 180 grid points, including halo and sponge zone 
(Fig. 2), hence the free domain has 124 × 140 grid points, 
which exceeds the minimum required CORDEX Arctic 
domain size of 116 × 133. In the vertical, 56 hybrid levels 
were used, with the top level near 10 hPa. The timestep is 
20 min.
For the AGCM, we used a global version of CRCM5 
with the same subgrid-scale physical parameterisation on 
a regular latitude-longitude grid of 1° and 64 levels in the 
vertical, with a top level at 2 hPa, and a timestep of 45 min. 
Fig. 2  CORDEX-Arctic 
domain for the 0.44° CRCM5 
simulation, including the 
10-grid-point semi-Lagrangian 
halo and the 10-grid-point 
Davies sponge zone; only every 
10th grid box is displayed
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The CGCM data we used comes from the MPI-ESM-MR, 
the Earth System model of the Max-Planck-Institut für Mete-
orologie (http://www.mpimet.mpg.de/en/science.html), with 
the atmospheric component operating at T63, correspond-
ing to a linear transform grid of 2.85°, with 47 levels in the 
vertical.
2.4  Configurations of the CRCM5 simulations
For the study of the effect of spectral nudging, we per-
formed hindcast simulations driven by the ERA-Interim 
reanalysis (Dee et al. 2011) for the period 1979–2014, but 
the forthcoming analysis will focus only over the period of 
1981–2010. These simulations were performed with and 
without large-scale spectral nudging (SN).
Regarding the study of the effect of the empirical correc-
tion of SSTs, two CRCM5 simulations are performed, span-
ning the 1979–2100 time period under historical and RCP8.5 
emission scenario, one is driven at the boundaries by the 
CGCM, and another by the AGCM with corrected SST. In 
this paper, only the historical simulations for 1981–2010 and 
future projections for 2071–2100 will be analysed.
Comparing the hindcast simulations of RCM driven by 
reanalyses with available observations (whether in situ or 
satellite-based observations, or even reanalyses) allows 
evaluating the skill of the RCM in reproducing the present 
climate and establishing the RCM structural biases. Compar-
ing the CGCM- and AGCM-driven historical simulations 
with the reanalysis-driven hindcast simulation allows evalu-
ating the impact of imperfect BC upon the RCM simulation. 
The various CRCM5 simulations are compared to available 
observational datasets such as CRU (Climate Research Unit, 
version 3.23; Harris et al. 2014) and UDEL (University of 
Delaware, version 3.02; Willmott and Matsuura 1995) grid-
ded analyses at 0.5° resolution, and Global Precipitation 
Climatology Project (GPCP, version 2.2; Adler et al. 2003) 
with 2.5° resolution, as well as the ERA-Interim reanalyses 
and MPI-ESM-MR simulations.
Fig. 3  Left column: Spring mean sea level pressure (hPa) for the 1981–2010 period, from ERA-Interim, CRCM5 without and with large-scale 
spectral nudging (SN). Right column: Differences between CRCM5 without and with SN with ERA-Interim
Dynamical downscaling with the fifth-generation Canadian regional climate model (CRCM5)…
1 3
3  Hindcast climate simulations driven 
by reanalyses
Hindcast simulations (noted CRCM5/ERA) are used to 
evaluate structural biases of CRCM5 over the CORDEX 
Arctic domain, upon assuming that LBC and SSC derived 
from reanalysis are quasi perfect, therefore the identified 
biases result from the structure of the model: its formulation, 
approximations and parameterizations. The CRCM5 simu-
lation driven by ERA-Interim using the technique of large-
scale spectral nudging will be referred to as CRCM5(SN)/
ERA. The simulations over the time period 1981–2010 will 
be compared to available observational datasets.
The spring (MAM) and autumn (SON) mean sea level 
pressure (MSLP) from ERA-Interim reanalysis (ERA), 
CRCM5 simulation driven by ERA-Interim (CRCM5/ERA), 
and spectrally-nudged CRCM5 simulation CRCM5(SN)/
ERA are shown in Figs. 3 and 4 respectively, along with the 
simulation bias (CRCM5 simulation minus ERA-Interim). A 
mask has been applied over the land area in order to focus the 
attention away from regions where topography-induced biases 
appear due to pressure reduction from the surface height to sea 
level. The CRCM5 simulation reproduces the overall features 
of MSLP for all seasons. Spectral nudging is most effective 
for reducing biases: in spring positive biases are reduced from 
4 to 1 hPa over the Greenland Sea (Fig. 3), while in autumn 
the negative bias of 2 hPa over the Beaufort sea is completely 
reduced and over the Barents sea while the positive bias of 
3 hPa is reduced to 1 hPa (Fig. 4). The bias for winter and 
summer is around 2–3 hPa (Figs. S1 and S2 respectively in 
supplementary material). The seasonal-mean time correla-
tion between 6-hourly MSLP from ERA and simulated by 
CRCM5/ERA with and without SN can be found in supple-
mentary material (Fig. S3); as expected the time correlations 
of the CRCM5 simulation using SN technique are notably 
higher especially over central Arctic Ocean in all seasons.
In case of 2-m temperature (T2m), the different observa-
tionally-based gridded datasets exhibit substantial differences 
amongst themselves, and hence the apparent biases of CRCM5 
simulation vary considerably depending on the reference data 
set used. In winter (DJF, Fig. 5), there is an apparent large 
warm bias over Siberia that reaches 20 °C and a cold bias over 
Fig. 4  As Fig. 3, but for autumn
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southeastern Greenland of similar magnitude when compared 
to CRU. Using UDEL as reference, these biases are halved. It 
is important to keep in mind that in the Arctic area, because of 
the lack of in situ observations, observational datasets might 
be biased too. The bias of T2m is smaller during summer (JJA, 
Fig. 6), the model has a 1 to 2 °C cold bias over the Arctic 
Ocean when compared to ERA-Interim reanalysis, and variable 
apparent biases elsewhere depending on the reference dataset 
used. The magnitude of the bias during MAM and SON is simi-
lar to that of JJA (not shown). The effect of large-scale spectral 
nudging on T2m is negligible as shown in Figs. 5 and 6.
Figures 7 and 8 present CRCM5-simulated precipitation 
for winter (DJF) and summer (JJA) compared to those from 
GPCP, CRU and UDEL datasets. The biases are largest in 
coastal areas with pronounced topography due to different 
representation of orographic precipitation, especially during 
winter (Fig. 7) and autumn (not shown); the apparent bias of 
CRCM5 simulations is smaller relative to UDEL. Generally 
the apparent precipitation bias when compared to GPCP is 
larger in winter than in summer, possibly because of the dif-
ficulty for the model to adequately simulate winter clouds 
and precipitation, or for the satellite-based GPCP to distin-
guish clouds from snow cover. The simulated precipitation 
with and without SN is very similar.
4  Historical climate simulations driven by GCM
In this section, we analyse the results of CRCM5 historical 
simulations driven by MPI-ESM-MR (CRCM5/CGCM) and 
Fig. 5  DJF 2-m temperature (˚C) averaged over 1981–2010. In the 
first column, observational data from ERA-Interim, CRU and UDEL 
(second to fourth rows, respectively). In the top row, CRCM5 simu-
lations without SN and with SN (second and third columns, respec-
tively). The other panels show the differences between the simulation 
shown in the top row and the reference dataset in the first column
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compare it with the results of 3-step dynamical downscal-
ing with the empirically corrected SST (CRCM5/AGCM_e). 
The subscript e is used as a reminder of the empirical correc-
tion applied to sea-surface temperature. Because the GCM-
driven RCM simulations are affected with inherent bound-
ary condition uncertainties in addition to the RCM’s own 
structural bias, we also compare the bias of the dynamical 
downscaling simulations to the bias of driving CGCM over 
the CORDEX Arctic domain.
Figure 9 (winter) and Fig. 10 (summer) show the SST 
fields (left column) and SST biases compared to ERA-
Interim (right column), for the CRCM5/ERA, CRCM5/
CGCM and CRCM5/AGCM_e simulations for 1981–2010. 
Clearly, CRCM5/ERA SST is just the ERA-Interim SST 
interpolated on the CRCM5 grid, and hence its bias is nil. 
The CRCM5/CGCM SST was interpolated from the MPI-
ESM-MR and reflects the aforementioned biases over open 
oceans. Note that where sea ice is present, the SST assumes 
the freezing temperature of sea water (assumed to be 
−1.9 °C), and hence the SST bias vanishes when CGCM and 
ERA-Interim agree on the presence of sea ice. The CRCM/
AGCM_e SST consists of the CGCM SST empirically cor-
rected using ERA-Interim, and hence the bias should van-
ish in principle. Areas with non-vanishing CRCM/AGCM_e 
SST bias reflect where the SST correction could not be 
applied due to conflicting values of SIC in CGCM and ERA-
Interim. The spring bias is very similar to that of winter, but 
the autumn bias is zero because sea ice extent is usually at 
its minimum during this season (not shown).
In Fig. 11 transient-eddy standard deviation of the mean 
sea level pressure is shown for all seasons. This figure dem-
onstrates the acceptable ability of CRCM5 to capture daily 
variability of MSLP. Greater amplitude of the transient eddy 
near southern tip of Greenland in wintertime indicates the 
Fig. 6  As Fig. 5, but for JJA
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storm track related to SLP difference of Icelandic low and 
Azores high. The difference between CRCM5 simulations 
with and without SN as well as CRCM5 simulations driven 
by CGCM and AGCM_e is relatively modest.
Transient-eddy standard deviation of 2-m temperature 
(T2m) in supplementary material (Fig. S4) indicates that 
largest temperature variability over Siberia than over the 
Arctic Ocean during autumn, probably as a result of the 
smaller thermal inertia of continent compared to ocean. All 
CRCM5 simulations standard deviations are smaller than 
ERA-Interim. Figure S5 shows precipitation transient-eddy 
which is rather small as expected, except for orographic pre-
cipitation in coastlines.
The T2m fields and their biases computed with respect 
to ERA-Interim, CRU and UDEL are shown in Figs. 12 and 
13 for winter and summer, respectively. The comparison of 
CGCM and CRCM5/CGCM simulations shows the added 
value of CRCM5 by a reduction of the T2m bias with respect 
to ERA over the Arctic Ocean in winter (Fig. 12). The com-
parison of CRCM5/CGCM and CRCM5/AGCM_e shows 
a positive impact of SST correction through a reduction of 
the T2m bias over North Pacific Ocean and North Atlantic 
Ocean in all seasons, as well as over the Bering Sea in sum-
mer (Fig. 13). Moreover, comparing CRCM5/CGCM and 
CRCM5/AGCM_e, the SST correction reduces some of the 
biases over the land and the remaining biases are compa-
rable to those seen with CRCM5/ERA. The bias reduction 
for MAM and SON are similar to those of DJF and JJA, 
respectively (not shown).
Figures 14 and 15 show the climatological average pre-
cipitation bias for 1981–2010 with respect to different ref-
erence datasets (GPCP, CRU and UDEL). In JJA (Fig. 15), 
Fig. 7  DJF precipitation (mm/day) averaged over 1981–2010. In the 
first column, observational data from GPCP, CRU and UDEL (sec-
ond to fourth rows, respectively). In the top row, CRCM5 simulations 
without SN and with SN (second and third columns, respectively). 
The other panels show the differences between the simulation shown 
in the top row and the reference dataset in the first column
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a large wet bias near the lateral boundaries is noted for the 
CRCM5/CGCM simulation, which seems to reflect a lateral 
spin-up problem. The CRCM5/AGCM_e simulation does 
not suffer from such problem; this constitutes an improve-
ment due to the use of the 3-step DD in which the RCM is 
driven by data simulated by a global model that shares the 
same physics. Otherwise, the SST correction in the 3-step 
approach shows little impact for precipitation, in all seasons.
5  Climate change projections
Uncertainty in future climate projections is inevitable; mod-
ellers try to present different plausible climate projections. 
In this study the climate projections using CRCM5 with 
2-step DD and 3-step DD (with SSTs bias correction) are 
compared to the CGCM (MPI-ESM-MR) projections. The 
representative greenhouse gases concentration pathway used 
here for the future projections is RCP8.5, which is one of 
the greenhouse gases scenario recommended by CORDEX.
Figure 16 shows the CRCM5/AGCM_e sea-ice concen-
tration (SIC) for 30 years from 2071 to 2100 in the left col-
umn, and the change of SIC between future (2071–2100) 
and recent past (1981–2010) in the right column. Since SIC 
is not corrected, the CRCM5/AGCM_e SIC corresponds 
essentially to that projected by the CGCM, except for very 
small differences resulting from grid interpolations. The 
largest SIC decline is projected to occur during autumn, 
with more than 60% reduction over a vast area of the Arctic 
Ocean, particularly in East Siberian, Laptev and Kara seas, 
resulting in a nearly late summer ice-free Arctic Ocean by 
the end of 21st century. In summer there is a projected 40% 
SIC reduction over all Arctic Ocean, with a most dramatic 
reduction near Port of Barrow and Franz Josef Land. Winter 
and spring exhibit a smaller shrinking sea ice, with the larg-
est reduction in Kara and Chukchi seas.
Fig. 8  As Fig. 7, but for JJA
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The left column of Fig. 17 shows the CGCM-projected 
SST climate change between future (2071–2100) and present 
(1981–2010), displayed after interpolation on the CRCM5 
grid (CRCM5/CGCM). Most regions exhibit warming as 
expected, except a region south of Iceland and Greenland 
that is projected to become colder. Such cooling is likely 
related to a slowdown of the Atlantic meridional overturn-
ing circulation (AMOC). Several observational studies (e.g., 
Rahmstorf et al. 2015; Kelly et al. 2016) have documented 
that a slowdown of the AMOC has already begun to occur 
in the 20th century, particularly after 1970.
The right column of Fig. 17 shows the corresponding 
SST climate change in the AGCM_e simulation with empiri-
cal SST bias correction, displayed after interpolation on the 
CRCM5 grid (CRCM5/AGCM_e). In principle, the bias 
correction is designed in such a way that the resulting SST 
climate change is unaffected by the correction. In practice, 
however, the SST correction is not applied whenever there is 
sea ice present; otherwise the resulting corrected SST would 
be incoherent with the SIC field. Figure 17 reveals that there 
are local small differences between the CRCM5/CGCM (left 
column) and CRCM5/AGCM_e (right column). For example 
the warming in CRCM5/AGCM_e is larger over Bering sea 
in spring and over Beaufort sea in summer.
The T2m projections of CRCM5/CGCM and CRCM5/
AGCM_e are compared to the CGCM projections in Fig. 18. 
Winter (first column) and then autumn (last column) show 
the largest climate change with overall similar patterns in 
all three projections. The maximum warming is projected to 
occur in winter in the Kara and Beaufort Seas, with values 
approaching 22 °C in the area of maximum loss of sea ice 
concentration. Over the Beaufort sea, the CGCM projects 
a larger warming than CRCM5/AGCM_e and CRCM5/
CGCM. Over land in winter, both CRCM5 projections show 
less warming over Alaska compared to the CGCM projec-
tion, while in summer, they project more warming in the 
same area (third column). Warming over the Arctic Ocean 
in summer is a minimum, about 2–4 °C, due to the fact that 
Fig. 9  DJF SST averaged over 1981–2010, as simulated by CRCM5/ERA (first row), CRCM5/CGCM (second row), CRCM5/AGCM_e (third 
row), in the first column. The corresponding differences with ERA-Interim are shown in the second column
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in the presence of partial sea-ice coverage, the temperature 
of water and melting sea-ice remain near the freezing point. 
Both CRCM5 projections, particularly CRCM5/AGCM_e, 
anticipate a warmer summer in the end of 21st century than 
CGCM driving model over land in general. In spring (sec-
ond column), CGCM tends to project slightly warmer T2m 
over lands than CRCM5/CGCM projections. In autumn, a 
more intense warming projected over central Arctic Ocean 
by CGCM is notable. There is not much difference in T2m 
between CRCM5 projections driven by CGCM or AGCM_e 
during autumn and spring (Fig. 18).
Figure 19 displays the projected precipitation changes 
over the future period 2071–2100 compared to the refer-
ence period 1981–2010, for DJF (left column) and JJA 
(right column). In Fig. 20 the relative precipitation change 
is also shown. Both CRCM5 simulations for winter project 
a precipitation increase up to 6 mm/day in North Pacific 
and Scandinavian wet coastal areas, compared to values of 
less than 2 mm/day for CGCM. All models project some 
reduction in the North Atlantic or south of Greenland, 
although the patterns are not consistent and the percent 
change is less than 25%. This decrease is likely related to the 
projected cooling point in the North Atlantic. Some studies 
such as Koenigk et al. (2015) have suggested that precipita-
tion and temperature changes in the future are somehow lin-
early related; the projected precipitation increase over Kara 
sea and Bering sea, where the largest warming is projected, 
tends to confirm that hypothesis. It also is in accordance with 
the suggested link between local sea ice loss, tropospheric 
warming and finally precipitation increase by Rinke and 
Dethloff (2008). There is a noteworthy difference between 
the projected precipitation changes by CRMC5/CGCM and 
CRCM5/AGCM_e in summer, with CRCM5/AGCM_e sug-
gesting a widespread reduction (0.5 mm/day) for continental 
areas surrounding the Arctic Ocean.
Projected MSLP changes are shown for each season in 
supplementary material (Fig. S6). By the end of this century, 
a general decrease in MSLP is projected over the Arctic 
Fig. 10  As Fig. 9, but for JJA
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Ocean for all seasons, with the largest decrease reaching 
8 hPa being projected in autumn and winter for the region 
close to the Bering straight. A weak increase of MSLP is 
projected for the North Sea, largest in spring, and in some 
models in winter or summer. This implies an overall increase 
in westerly flow south of Greenland, and an increase of 
south-westerly flow over the North sea that corresponds 
to warmer air flowing from mid-latitudes, coherent with 
warming and sea-ice loss over the Arctic.We can try to put 
these projections for the end of the century in perspective 
with studies of recent warming over the Arctic. Some studies 
noted that reduced autumn ice extent leads to an atmospheric 
winter circulation that resembles the negative phase of the 
North Atlantic Oscillation (NAO), with cold winter tem-
perature anomalies in Eastern Europe, e.g. Koenigk et al. 
(2016). More recent studies however note that the observed 
Fig. 11  Transient-eddy standard deviation of mean sea level pressure 
(MSLP) for each season averaged over 1981–2010. First row is from 
ERA-Interim, and following rows correspond to various CRCM5 
simulations: CRCM5/ERA without SN and with SN are shown in 
second and third rows, CRCM5/CGCM (fourth row), and CRCM5/
AGCM_e (fifth row)
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Fig. 12  DJF 2-m temperature averaged over 1981–2010, from the 
references in the first row as ERA-Interim (first column), CRU (sec-
ond column) and UDEL (third column). The biases of CGCM (sec-
ond row), CRCM5/CGCM (third row), CRCM5/AGCM_e (fourth 
row) and CRCM5/ERA in (fifth row) with every reference are shown 
in the corresponding column
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Fig. 13  As Fig. 12, but for JJA
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Fig. 14  In the top row, DJF precipitation (mm/day) averaged over 
1981–2010, from three references: GPCP (first column), CRU (sec-
ond column) and UDEL (third column). The biases of CGCM (sec-
ond row), CRCM5/CGCM (third row), CRCM5/AGCM_e (fourth 
row) and CRCM5/ERA (fifth row) with every reference are shown in 
the corresponding column
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trends are not robust when tested over longer time periods 
and that they seem to be at least partly caused by natural 
variations (Koenigk and Brodeau 2017). So there does not 
seem to be conclusive links between the projected climate 
and the recent variations of temperature and circulation over 
the Arctic and mid-latitudes.
Fig. 15  As Fig. 14, but for JJA
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6  Summary and conclusions
In this study, the skill of CRCM5 hindcast simulations 
driven by ERA-Interim reanalysis, the effectiveness of 
the large-scale spectral nudging (SN), and future climate-
change projections using 2- and 3-step dynamical downs-
caling over the CORDEX Arctic domain were investigated. 
The performance of the new version of Canadian Regional 
Climate Model (CRCM5) has been assessed by comparing 
a CRCM5 hindcast simulation driven by a reanalysis with 
different observational references such as gridded in situ 
observations, and satellite-based datasets, as well as ERA-
Interim reanalysis, considering the 30-year historical period 
from 1981 to 2010. The CRCM5 shows an adequate skill to 
capture overall features of mean sea level pressure (MSLP) 
for all seasons. The largest bias was found in spring, with 
a bias of 4 hPa, which was reduced to 1 hPa using SN. The 
CRCM5 simulations driven by ERA-Interim with and with-
out SN are similar for surface air temperature (T2m) and 
precipitation. The apparent bias in T2m largely depends on 
Fig. 16  Seasonal mean sea-ice concentration (SIC) for the future 
period 2071–2100, projected by CRCM5/AGCM_e (first column), for 
winter, spring, summer and autumn (in first to fourth rows, respec-
tively). The second column shows the corresponding SIC changes 
(2071–2100) – (1981–2010)
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the reference dataset that is used. The bias with respect to 
the CRU dataset is twice that compared to UDEL. The T2m 
bias is larger in winter.
The overall amount of Arctic precipitation is very low. 
Its maximum amount in the domain is found in coastal areas 
subject to orographic precipitation, reaching 16 mm/day 
in autumn. Minimum precipitation occurs over the Arctic 
Ocean, with values less than 1 mm/day in spring and winter. 
In summer, the regions with the highest level of precipita-
tion are located in European part of the Arctic and North 
Pacific Ocean, with around 8 mm/day. The precipitation 
bias of CRCM5 simulations when compared to the GPCP 
Fig. 17  Seasonal mean SST changes (2071–2100) to (1981–2010) projected by CRCM5/CGCM (first column) and by CRCM5/AGCM_e (sec-
ond column), for winter, spring, summer and autumn (in first to fourth rows, respectively)
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dataset is more pronounced in coastal areas. In general, this 
bias becomes considerably larger than the apparent bias with 
respect to UDEL. The lack of reliable precipitation obser-
vational datasets for the pan-Arctic region makes it nearly 
impossible to evaluate objectively the skill of CRCM5 to 
reproduce precipitation pattern. Surface stations are scarce 
and satellite remote sensing procedures could be biased as 
well, due to the difficulty in distinguishing cloud from snow/
ice cover.
We also analysed the impact of using empirically cor-
rected sea surface temperature (SST). The significantly 
improved results of CRCM5 historical simulations over 
CORDEX-Africa domain using this strategy (Hernández-
Díaz et al. 2016) motivated us to perform such method over 
Arctic domain. The outputs of CGCM (MPI-ESM-MR in 
our case) are always biased, resulting in part from their 
coarse resolution. In this approach, we subtracted the SST 
bias calculated over an historical period from the mean cli-
matological simulations over the same period. In the next 
step, we used this corrected SST as sea-surface boundary 
condition for an atmosphere-only global model (AGCM) 
simulation. Finally, the output of this intermediate step is 
used as atmospheric lateral boundary conditions to drive 
CRCM5. The importance of the intermediate AGCM simu-
lation is to make a compatible combination of lower and 
lateral boundary conditions (keep the physical coherence 
between the atmosphere and the correct SST). Note however 
that unlike in Hernández-Díaz et al. (2016), no correction 
has been applied to sea-ice concentration (SIC). When-
ever the corrected SST was found to be incoherent with the 
CGCM-simulated SIC, it was adjusted to be coherent with 
SIC.
Positive impact of SST correction are seen through a 
reduction of the T2m bias over North Pacific Ocean and 
North Atlantic Ocean in all seasons, as well as over the Ber-
ing Sea in summer. This method showed a little impact on 
precipitation simulation over Arctic region. In contrast to 
Africa, the capability of improving the simulation appears 
limited since the presence of sea ice over a large fraction 
of the domain restricted the regions where SST correction 
could be applied. Note, however, that although the improve-
ment in simulated precipitation is relatively small, it is a 
positive consequence of the 3-step DD, due to the use of the 
same physics in the AGCM and RCM.
Future projections of CGCM were compared with those 
performed with CRCM5 driven by CGCM (CRCM5/
Fig. 18  Projected changes (2071–2100) to (1981–2010) for 2-m 
temperature by CGCM (first row), CRCM5/CGCM (second row), 
CRCM5/AGCM_e (third row). The first column is specified for win-
ter and the second, third and last are specified for spring, summer and 
autumn respectively
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CGCM) and driven by the AGCM using bias-corrected 
SST (CRCM5/AGCM_e). For conciseness, the analysis 
of the future projections was restricted to the period from 
2071 to 2100, under the scenario RCP8.5 following one 
of the CORDEX recommendations. The CGCM-projected 
SIC shows very large reduction, 40–60% in summer and 
60–100% in autumn, hence a nearly ice-free Arctic Ocean 
is projected by the end of 21st century. The maximum 
projected sea surface temperature is 16 °C in North Pacific 
Ocean and some other small zones during summer (not 
shown). Projections show 8 °C warming of sea surface 
temperature during JJA, over Kara and Chukchi Seas and 
a slight cooling of −1 °C in North Atlantic Ocean during 
cold seasons.
For T2m, the largest projected warming is 22 °C in 
two regions near Kara and Chukchi Seas in winter. The 
CRCM5/AGCM_e and CRCM5/CGCM project less warm-
ing than the CGCM during winter and more warming 
Fig. 19  Projected changes (2071–2100) to (1981–2010) for precipitation by CGCM (first row), CRCM5/CGCM (second row), CRCM5/
AGCM_e (third row). The first column is specified for winter and the second for summer
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during summer over Alaska by 2100. Both CRCM5 simu-
lations project less warming over the Arctic Ocean for fall 
compared to the CGCM simulation.
An overall 0.5–2 mm/day increase in precipitation is 
projected, while in very narrow coastal bands increase 
is up to 6 mm/day. For summer, CRCM/AGCM_e pro-
jects widespread decreasing precipitation unlike CGCM 
and CRCM5/CGCM, but the decrease is modest, about 
0.5 mm/day.
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